Meiosis: Cohesin's Hidden Role in the Checkpoint Revealed  by Nagaoka, So I.
Dispatch
R1105mitochondrial genotypes, between
L. tigrinus and L. colocolo likely
reflects relict signatures of ancient,
mostly unidirectional gene flow from
L. colocolo to the northeastern
L. tigrinus. Cyto-nuclear discordance
is not uncommon among emerging
species; for example, it is widespread
among two recently recognized African
elephant species [10].
There was a time when hybridization
blurred the borders of species and
even muddled the endangered
status of species [11]. However,
robust documentation of ongoing
hybridization, often taking place in
hybrid zones but not actually disrupting
the genomic integrity (i.e. retention
of relative genetic distinctiveness),
emphasizes that gene flow and
hybridization are widespread in nearly
all cases of proto-species range
overlap [4,12–14]. Natural processes
leading to speciation are not so
straightforward to describe, rather they
are messy, convoluted and sometimes
aimless. Transition to reproductive
isolation generally takes quite a few
generations to achieve. Perhaps at
the finale of the convoluted process,
a proper well-defined species is a
wonder to perceive.
So what are the physiological or
ecological mediators of species
isolation and adaptation? Is not the real
purpose of evolutionary studies, not
so much to chronicle but rather to
understand the adaptive processes of
species formation? Trigo et al. [4]
offer some plausible suggestions for
possible divergence of L. tigrinus and
L. guttulus. The two species diverged
0.5 to 0.8 million years ago and today
occupy distinctive habitats. L. tigrinus
lives in dry and open habitats of tropical
savannahs and shrub lands in central
and northeastern Brazil, known as
Cerrado and Caatinga, while L. guttulus
is found in the more moist Atlantic
Forests. The radiation of Leopardus
species shows some fascinating
parallels with the origins of the South
American fox species of the genus
Lycalopex having arisen in a similar
time and place, with various species
associated with distinct geographies
and habitats [15]. Several Lycalopex
species are also suspected of
hybridizing with each other. Future
genetic work complemented with
elucidating the natural history of
L. tigrinus and L. guttulus will further
help unravel precisely how these
two cat species came to be.The recognition of L. guttulus as
the newest member of the cat family
comes seven years after the clouded
leopard was discovered to comprise
two genetically and morphologically
distinct species, Neofelis nebulosa and
N. diardi [16,17]. We can also add it to
the list of other recently discovered
Neotropical carnivore species such as
the Eastern mountain coati (Nasuella
meridensis) and the olinguito
(Bassaricyon neblina) [18,19]. In all
these cases, detailed genetic (and in
some cases, morphological) analyses
were used to show that what we once
thought was one species actually
turned out to be richer indeed.
Revealing these patterns is the easy
part; understanding the processes
behind them remains a challenge.References
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Checkpoint RevealedThe spindle assembly checkpoint prevents aneuploidy by ensuring that
chromosomes are properly distributed during cell division. A new study shows
that the integrity of the checkpoint response depends on centromeric cohesin
in mammalian oocytes.So I. Nagaoka
When a cell divides, it is vital that all of
its genetic information is equallyinherited by the two daughter cells.
This is because aneuploidy (a gain or
loss of chromosomes) resulting from
unequal distribution of the genetic
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the daughter cells [1]. Preventing the
genesis of aneuploid cells is especially
important during meiotic divisions that
give rise to gametes because resultant
aneuploid embryos often perish in
utero and, even when they survive to
term, they suffer from severe
congenital birth defects [2]. Clinically,
aneuploidy is a common occurrence
in humans: at least 10% of all human
pregnancies are trisomic or
monosomic, and the incidence may
exceed 50% forwomen nearing the end
of their reproductive lifespan [2].
Importantly, most of those pregnancies
spontaneously terminate, making
aneuploidy the leading known cause
of pregnancy loss [2]. Studies of the
human trisomies among clinically
recognized pregnancies revealed that
over 90% of human trisomies are
maternally derived. Therefore,
understanding why errors are prone
to occur during meiotic divisions of
the oocyte is critical.
In mammals, meiosis of the oocyte
is long and complicated. The oocyte
commits to meiosis during fetal
development, during which it
undergoes DNA replication and
crossover formation. Then, the meiotic
process arrests, and this state of arrest
lasts until the female gains sexual
maturity. Upon ovulatory stimulation,
the oocyte resumes meiosis and
undergoes the first meiotic division.
The second meiotic division occurs
only if the oocyte is fertilized.
Importantly, studies of human
aneuploidies indicate that errors at
multiple stages of oogenesis contribute
to the incidence of chromosome
segregation errors [3]. For example,
aberrant crossover formation in the
fetal oocyte has been associated with
human trisomies involving most, if not
all, chromosomes [2]. Additionally,
studies in mice and humans indicate
that age-dependent loss of
chromosome connections during the
long resting phase predisposes
oocytes to chromosome segregation
errors [4–8]. Finally, and importantly,
a growing body of evidence suggests
that checkpoint mechanisms in the
oocyte are inherently inefficient,
allowing cells with errors to progress
through meiosis [3]. In this issue of
Current Biology, a study by
Tachibana-Konwalski et al. [9] reports
how the integrity of the checkpoint
response in the oocyte can be
compromised by premature loss ofchromosome connections, suggesting
an intriguing mechanism of how the
frequency of chromosome segregation
errors can be further elevated in aged
oocytes.
Both in mitosis and meiosis,
successful chromosome segregation
depends on the formation of physical
connections between pairs of
chromosomes and seamless release of
the connections when chromosomes
are ready to segregate. In meiosis I, the
cohesin complex ties sister chromatids
together and also joins homologous
chromosomes via crossovers
(Figure 1A). The connections between
homologous chromosomes are
relieved in anaphase I, thus allowing
the segregation of homologs. At
anaphase II, cohesion between sister
chromatids is cleaved, allowing
segregation of sister chromatids and
generating haploid gametes. Cohesin
proteins are loaded on chromosomes
during fetal development in the oocyte
and are not replenished thereafter in
the oocyte if lost prematurely [10,11].
Therefore, any loss of cohesin
complexes from chromosomes during
prolonged meiotic arrest might
predispose the oocyte to chromosome
mis-segregation. Indeed, early
studies of human oocytes reported
age-dependent increases in
chromosome segregation errors and
postulated premature loss of
chromosome cohesion as a causal
mechanism for the segregation errors
[4,5]. Furthermore, studies in mice
reported that age-dependent loss of
cohesion occurs in the oocyte and
chromosome segregation errors
elevated in aged mice are attributed
to the cohesion loss [6–8]. Loss of
cohesin complexes can lead to
chromosome mis-segregation in two
ways. Firstly, loss of cohesion along
chromosome arms can prematurely
resolve the connections between
homologous chromosomes, and
random segregation of the uncoupled
homologous chromosomes
(univalents) can lead to whole
chromosome nondisjunction.
Secondly, loss of centromeric cohesion
can lead to premature separation of
sister chromatids and elevate the
chance of mis-segregating sister
chromatids either in the first or the
second division.
Premature loss of cohesion disturbs
chromosome behavior during cell
division and, on the basis of
conventional understanding ofcell cycle control, this should impede
cell division by activating a checkpoint
response. During cell division, a
checkpoint mechanism known as the
spindle assembly checkpoint (SAC)
monitors interactions between
microtubules and chromosomes and
halts the progression of the cell cycle
until all the chromosomes are
appropriately poised for segregation
[12]. In metaphase I, homologous
chromosomes bi-orient thanks to sister
chromatids attaching to microtubules
from a single spindle pole and
crossovers between homologous
chromosomes resisting the pulling
force of microtubules (Figure 1A). In the
second meiotic division (just like in
mitotic division), kinetochores form
microtubule attachments from
opposite spindle poles, facilitating the
segregation of sister chromatids.
Importantly, the process of homolog
bi-orientation in metaphase I (MI) is
inefficient in the oocyte [13] and, for
reasons that remain unclear, the SAC
response is not stringent enough to halt
cell cycle progression when a small
number of chromosomes fail to form
stable microtubule attachments,
thereby allowing their mis-segregation
[14–18]. Now, the study by
Tachibana-Konwalski et al. [9] provides
new insights into how the stringency is
uniquely controlled in the oocyte.
Specifically, the authors took
advantage of two strains of mouse that
show strikingly different checkpoint
phenotypes in response to disturbed
chromosome dynamics. Firstly, the
authors utilized Mlh1 mutant mice that
fail to form crossovers between
homologous chromosomes in MI,
resulting in most chromosomes being
present as unpaired univalent
chromosomes [15,19] (Figure 1B).
During MI, the majority of univalent
chromosomes fail to form stable
microtubule attachments, and oocytes
from Mlh1-/- female mice trigger a
robust SAC response and arrest at MI
[15,19]. Secondly, the authors used a
mouse strain they previously
developed, which harbors site-specific
recognition sequences for tobacco
etch virus (TEV) protease within the
protein sequence of REC8, a critical
cohesin subunit [11]. This strain of
mouse (Rec8TEV/TEV) allows artificial
and rapid inactivation of cohesin
complexes in the oocyte, which results
in dissolution of connections between
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Figure 1. Chromosome segregation during the first meiotic division.
(A) Normal metaphase I (MI) division — during the first meiotic division, homologous chromo-
somes bi-orient and segregate. Importantly, sister centromeres attach to microtubules
emanating from a single spindle pole (monopolar attachment) and, thanks to the formation
of crossovers and sister chromatid cohesion distal to the site of crossovers, homologous
chromosomes align properly within the spindle. Note that centromeric cohesion is retained
until meiosis II. The cohesin complexes are depicted as orange rings encircling chromosomes.
(B) Meosis I arrest in Mlh1-/- oocytes — in Mlh1-/- oocytes, most chromosomes fail to form
crossovers, and the majority of unpaired univalent chromosomes do not align properly due
to a constraint on centromeres to form monopolar microtubule attachments. The progression
to meiosis II is halted by the actions of the SAC. (C) TEV-mediated dissolution of
cohesion — TEV-mediated dissolution of cohesion resolves the connections between sister
chromatids and between homologous chromosomes, resulting in formation of independent
chromatids. Even though prematurely separated chromatids fail to form stable microtubule
attachments and do not align properly, the SAC fails to halt the onset of anaphase I, resulting
in the formation of an aneuploid egg.
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the authors investigated whether the
SAC in the oocyte responds similarly to
a disturbed chromatid behavior.
Individualized chromatids after artificial
cleavage of cohesin are expected to
produce a robust SAC response
because they also fail to form stable
microtubule attachments. Surprisingly,
and in a sharp contrast to the Mlh1-/-
mice, oocytes exhibited only a short
delay and proceeded to anaphase I,
producing highly aneuploid eggs. This
surprising result prompted the authors
to test whether the robust SAC
response seen in the Mlh1-/- mice
depends on the cohesin complexes.
Indeed, when artificial cleavage of
cohesin was employed in Mlh1-/-
oocytes, instead of a MI arrest, meiosis
progressed to produce aneuploid
eggs, indicating a role of cohesin in
generating a robust SAC response.
Furthermore, when cohesin cleavage
was specifically targeted at
centromeres, not only progression into
anaphase I occurred, but the severe
chromosome mis-alignment
phenotype seen in Mlh1-/- oocytes
[15,19] was significantly improved. The
result indicates that centromeric REC8
protein is responsible for restricting
sister centromeres to form microtubule
attachments to a single spindle pole,
and its loss promotes bi-orientation
of sister chromatids even during MI.
Lastly, in a striking and interesting
contrast to the findings in the oocyte,
when artificial cohesin cleavage was
induced in a zygote (a cell with a
comparable cellular volume to the
oocyte), it led to a robust SAC response
and a mitotic arrest.
The findings in the present study
provide yetmore evidence that the SAC
is uniquely regulated in the oocyte
[3,15–18], and its inefficiency plays a
major role in the genesis of aneuploidy.
Importantly, the findings raise an
intriguing possibility in the genesis of
human aneuploidy: that is, two key
regulators of successful chromosome
segregation, the cohesin complex and
the SAC, might concurrently decline
with age. This additive effect might
contribute to the age-dependent
exponential increase in the incidence of
trisomies seen in humans [2]. The
dependence of the SAC on cohesin in
the oocyte, but not in the zygote, raises
a question whether this dependence is
a feature of meiotic cells or a feature
specific to the oocyte. Notably, the
spermatocyte appears to possess a
Current Biology Vol 23 No 24
R1108much more stringent SAC response
than the oocyte; the presence of even a
single mis-aligned chromosome
triggers a SAC arrest and leads to
apoptosis, arguing that the
dependence might be specific to the
oocyte [20]. Importantly, the current
study points to a possibility that
cohesin might play a role in the
difference in checkpoint stringency.
Given the clinical importance of human
aneuploidy, further elucidation of SAC
regulation in the oocyte and
understanding of male–female
differences in the process are critical.References
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Makes Flies Lay EggsA new study reveals how Drosophila uses their sense of smell to decide on
where to lay their eggs. These results have exciting implications for the
evolution of fruit preference and parasitoid avoidance in fruit flies.Jeffrey A. Riffell‘‘When and where animals lay their
eggs, a problem which has been
studied under field conditions bymany
observers, demands analysis through
experiment into terms of response to
sensory stimuli. The process is more
complicated than some other
responses, and has been supposed to
involve an element of foresight not
usually attributed to many other
activities.’’
–Edward F. Adolph [1]
The ability to locate and decide on
a suitable environment for offspring
has important evolutionary andecological implications for the next
generation — the environment should
nourish the young as well as protect
them from predators. This is
particularly important for insects,
including flies, which tend to have
larvae that cannot disperse far [2].
While a mechanistic understanding
of the sensory stimuli and behaviors
leading up to egg-laying has been
lacking in the fruit fly (Drosophila
melanogaster), egg deposition has
been a valuable marker for determining
adverse reactions to stimuli, host-plant
preferences and identifying
advantageous conditions for progeny
development [3–5]. Despite theimportance of the Drosophila as a
model, and the genetic ‘toolkit’
allowing manipulation of the neural
circuits controlling the behaviors, little
is known about the neurons that
underlie egg-laying behaviors. A
fascinating new study in this issue of
Current Biology [6] has taken an
important step in identifying the
neurophysiological bases of this
behavior and the evolutionary
implications for egg-laying
preferences.
Many sensory cues have been shown
to influence egg-laying behavior in fruit
flies, including types of scent, color,
taste and texture, to name just a few.
For instance, temperature has shown
to be an important cue for egg
deposition [7], and flies prefer the
color green [8]. Chemosensory cues
are particularly important for
egg-laying. The smell of acetic acid is a
strong stimulant for egg-laying [9], and
the presence of sugar has also shown
to be important [10]. By contrast,
